Purpose: Signal intensity (SI) and image contrast on postmortem magnetic resonance (MR) imaging are different from those of imaging of living bodies. We sought to suppress the SI of cerebrospinal fluid (CSF) sufficiently for fluid-attenuated inversion recovery (FLAIR) sequence in postmortem MR (PMMR) imaging by optimizing inversion time (TI).
Introduction
The worldwide decline in the rate of conventional autopsies 1, 2 has increased the need for and frequency of postmortem imaging as a complementary, supplementary, or alternative method of autopsy method. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Interpreting the relationship of imaging findings to cause of death requires knowledge of normal postmortem imaging findings. However, consensus regarding what constitutes a normal appearance on PMMR images is difficult because T 1 and T 2 values change according to body temperature. 12, [18] [19] [20] Therefore, acquisition of appropriate image contrast for deceased bodies at low temperatures re-*Corresponding author, Phone: +81-92-554-1255, Fax: +81-92-552-2707, E-mail: abe.k@junshin-u.ac.jp quires optimization of the parameters for PMMR imaging. Short-tau inversion recovery (STIR) and fluidattenuated inversion recovery (FLAIR) are typical sequences employed to suppress tissue signal. 21 Application of the inversion time (TI) for living bodies for PMMR imaging does not adequately suppress fat signals in STIR and CSF signals in FLAIR. [18] [19] [20] Suppression of the signal intensity (SI) of fat has been reported with STIR in PMMR imaging when using an optimized TI based on the measured rectal temperature (RT). 22 Therefore, we surmised that the SI of CSF can also be suppressed on postmortem FLAIR images by adjusting the TI according to the T 1 temperature dependence of water. 18, 20 In this study, we attempted to achieve sufficient SI suppression of the CSF on cerebral FLAIR PMMR images by optimizing the TI.
Methods

Subjects
Our subjects were 28 deceased patients (18 male,10 female) aged 9 months to 92 years (mean, 59.2 years) who underwent PMMR imaging and autopsy. In all subjects, the autopsy performed at the medical examiner's office after PMMR imaging proved no abnormalities in the brain, such as trauma, cerebrovascular disease, tumor, or inflammation. Causes of death included 7 cases of ischemic heart disease, five of sudden cardiac arrest, 2 cases each of drug toxicity, malnutrition, alcoholic liver disease, and hypothermia, and one case each of gastric perforation, rupture of right cardiac chambers, prostate abscess, ovarian tumor, burn shock, tension pneumothorax, suffocation, and aortic injury.
Examination setting
The subjects were kept in cold storage at 4°C for 3 to 113 hours after death (mean 27.4 hrs.) and then subjected to PMMR imaging by permission of the ethics committee of our institution. RTs measured immediately after PMMR imaging using an industrial thermometer (7-257-01, As One Corporation, Osaka, Japan) ranged from 6 to 32°C (mean, 15.4°C).
MR imaging
PMMR imaging was performed using a 1.5 tesla clinical scanner with an 8-channel head coil (Magnetom Avanto, Siemens, Erlangen, Germany). T 1 values were measured using a relaxation time map creation tool (syngo MapIt, Siemens), 23 which utilizes the variable flip angle for a 3-dimensional volumetric interpolated breath hold examination (3D-VIBE). 24 Scan parameters were: repetition time (TR), 25 ms; echo time (TE), 1.79 ms; flip angle, 3°and 15°; pixel size, 0.9 mm © 0.9 mm; slice thickness, 3 mm; number of slices, 22; and scan time, 269 s.
We obtained FLAIR images of a 66-year-old woman who died of aortic injury, 19 hours after death using the TI routinely used for living bodies (2300 ms) and a TI optimized for cadavers with low temperature. The RT of the subject was 16°C.
We calculated the T 1 value using the derived regression of the other 27 subjects, excluding the 66-year-old female subject, and calculated the optimized TI by multiplying the T 1 by 0.693 times (TI = 0.693 * T 1 value). 21 Other scan parameters were: TR, 9000 ms; TE, 106 ms; echo train length, 21; pixel size, 1.0 mm © 0.9 mm; slice thickness, 6 mm; gap, = one mm; number of slices, 20; and scan time, 180 s.
A board-certified radiologist compared the CSF signals of the 2 FLAIR images.
Statistical analysis
We placed circular regions of interest (ROI) of 3 mm diameter in areas of CSF in the anterior horns of bilateral ventricles of the brain of each subject and measured the T 1 value in each ROI (Fig. 1) . We analyzed the relationship between the average T 1 and RT using Pearson's correlation coefficient, obtaining the coefficient using the least squares method, and derived the linear regression between RT and T 1 and used it to calculate the optimal TI nec- essary to nullify the CSF signal by multiplying the T 1 by 0.693. 21 Statistical analysis was performed using Excel 2010 (Microsoft, Redmond, WA, USA) with Statcel 2 add-in software (OMS, Tokyo, Japan).
Results
T 1 values of the CSF in the lateral ventricle did not vary between the left and right sides (P = 0.99), so we averaged the values from the 2 sides. T 1 values of the lateral ventricle ranged from 2159 to 4063 ms (mean « standard deviation, 2962.4 « 624.4 ms). Figure 2 shows the relationship between the T 1 values of the CSF in the lateral ventricle and RT. There was a significant correlation between T 1 and RT (r = 0.96, P < 0.0001).
Based on the data of the 27 subjects excluding that of the 66-year-old woman who died of aortic injury for whom we employed 2 different parameters, we determined the derived regression expression as: T 1 = 74.5 * RT + 1818. Utilizing this equation and the RT of 16°C of the 66-year-old woman, we first calculated the estimated T 1 as 74.5 * 16 + 1818 = 3010 ms and then the optimized TI as 0.693 * the estimated T 1 = 0.693 * 3010 Ü 2086 ms. The CSF signal was effectively suppressed using the optimized TI for cadavers compared to the routine TI for living bodies (Fig. 3) .
After reconsiderin inclusionof the results of the 66-year-old subject, we conceived the following regression expressions for all 28 subjects: T 1 = 74.4 * RT + 1813, and TI = 0.693 * T 1 . Hence, TI = 0.693 * (74.4 * RT + 1813).
Discussion
In clinical practice, FLAIR imaging is useful to suppress CSF signals, allowing differentiation of lesions in the cerebral parenchyma, such as those of encephalitis, cerebral contusion, cerebral infarction, and subarachnoid hemorrhage. [25] [26] [27] [28] However, when postmortem examination employs the TI routinely used for living bodies, lesion detection by FLAIR imaging is diminished by unclear image contrast 18, 19 caused by insufficient signal suppression of the CSF. Thus, parameters for FLAIR of PMMR imaging should be optimized for deceased subjects.
Tofts and associates reported that in cadaveric brains, T 1 values of the CSF can be derived by measuring the diffusion coefficient of the CSF at low temperatures, and CSF signals can then be suppressed effectively by using an optimized TI. 18 However, such a method is applicable only when the CSF is in a normal oxyhemoglobin changes the ADC values of the CSF. 29 Optimization of STIR PMMR imaging using the TI, which is calculated based on RT, allows sufficient suppression of the SI of fat, 22 and we observed effective suppression of the CF signal in FLAIR images by adapting this method. Inadequate suppression of the cadaveric CSF signal even following optimization using this method may indicate the CSF is abnormal, such as in the case of CSF containing blood, findings similar to the abnormal findings in a living body. 30, 31 Further study is necessary to evaluate the rate of lesion detection using optimized parameters for FLAIR in PMMR imaging.
When using a physiologically normal body temperature of 37°C, T 1 values of the CSF at 1.5T differed greatly with the application of our equation for cadavers (T 1 = 74.4 * RT + 1813). 21 The theoretically calculated T 1 value of CSF is 4500 ms, although the actual T 1 of a living body is approximately 3600 ms. This discrepancy would be explained by pulsation and oxygen concentration in CSF. The T 1 value is shorter in accordance with the faster pulsation 32 and higher oxygen concentration in CSF. [33] [34] [35] The null pulsation of CSF and reduced levels of oxygen concentration of cadavers result in prolonged T 1 values compared with those of living bodies.
One limitation of our study was that the equation, T 1 = 74.4 * RT +813, is effective only for a magnetic field strength of 1.5T. Though such an equation for different magnetic field strengths would also be expressed as a linear equation, relaxation times differ at different magnetic field strengths.
In conclusion, we observed significant correlation between the T 1 of CSF and the RT in PMMR, which is expressed by the linear equation T 1 = 74.4 * RT + 1813. TI optimization for PMMR FLAIR imaging, namely, TI = 0.693 * (74.4 * RT + 1813), is considered feasible to suppress CSF signals.
